To investigate the transport of the hepatobiliary magnetic resonance (MR) imaging contrast agent Gd-BOPTA into rat hepatocytes.
G
d-BOPTA is a new hepatobiliary contrast agent (CA) for magnetic resonance imaging (MRI) whose structure differs from the well-known extracellular CA Gd-DTPA by an additional lipophilic moiety (Fig. 1 ). With this lipophilic substituent, part of Gd-BOPTA is taken up specifically by hepatocytes and is partially excreted into the bile. Consequently, Gd-BOPTA has a dual imaging capability. On the one hand, it is used as an extracellular agent for MRI similarly to Gd-DTPA, and on the other hand, it can be used in the liver to facilitate MRI detection and characterization of focal and diffuse hepatic diseases. [1] [2] [3] [4] Gd-BOPTA is taken up into hepatocytes and excreted without biotransformation. 5, 6 In rats, 50% of the dose injected is excreted into the bile, the remaining being excreted into urine. 6, 7 In contrast, only 2-7% of the dose is excreted into the bile in humans. 6, 8 The transport of Gd-BOPTA into hepatocytes is not fully understood. The hepatic transport of Gd-BOPTA has been mainly studied in vivo using pharmacological antagonists. [7] [8] [9] A single study found that Gd-BOPTA crosses rat sinusoidal hepatocyte membrane by passive diffusion. 10 In the isolated perfused rat liver, however, evidence exists that Gd-BOPTA enters into hepatocytes through the same transporter as bilirubin and bromosulfophthalein, the organic anion transporting polypeptide 1 (Oatp1) localized on the sinusoidal membrane of hepatocytes. 11 After its intracellular transport, Gd-BOPTA is eliminated into the bile through the ATP-dependent multidrug resistance-associated protein 2 (Mrp2) at the canalicular side of the hepatocyte. 7, 12 Additional studies are necessary to better describe Gd-BOPTA transport into hepatocytes. Isolated cells are of great value for the study of transport mechanisms. Hollow-fiber bioreactors (HFBs) have the advantage to restore a physiological environment that ensures the viability and functionality of cells. 13 The aim of the study was to compare the kinetics of the MR signal intensity (SI) over time during the perfusion of Gd-DTPA and Gd-BOPTA in an MR-compatible HFB containing freshly isolated rat hepatocytes in suspension and to determine whether the hepatocyte transport of Gd-BOPTA might be better defined by a compartmental pharmacokinetic analysis.
MATERIALS AND METHODS

Chemicals
Gd-BOPTA was provided by Bracco Research S.A. (Geneva, Switzerland). Gd-DTPA is commercially available (Magnevist, Schering, Germany). Bovine serum albumin (BSA, fraction V, 97%) and ethyleneglycol-O,OЈ-bis(2-aminoethyl)-N,N,NЈ,NЈ-tetraacetic acid (EGTA) were purchased from Fluka. Collagenase from Clostridium histolicum type IV (collagen digestion activity: 295 U/mg solid), bovine pancreas insulin, 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF), aprotinin, leupeptin, bestatin, pepstatin A, and N-(transepoxysuccinyl)-L-leucine 4-guanidinobutylamide (E-64) were obtained from Sigma (Buchs, Switzerland). All other chemicals were of analytical grade.
Animals
Adult male Sprague-Dawley rats (250 -350 g) were housed in standard cages in a temperature-controlled room (21-25°C) with a 12-hour light/dark cycle. Standard laboratory chow and water were given ad libitum. The protocol was approved by our local veterinary office.
Isolation of Hepatocytes
Hepatocytes were isolated by a 2-step collagenase perfusion of the liver as already described by Seglen. 14 Briefly, after rat anesthesia (intraperitoneally, sodium pentobarbital, 80 mg/kg), a midline incision was performed and the portal vein was cannulated. Then, the liver was perfused with a buffer solution containing 0.50 mM EGTA at 37°C with a 30 mL/min flow rate. After 10 minutes, collagenase (0.05%) and CaCl 2 (2.00 mM) were added in the buffer solution (pH 7.55) and the solution was perfused during 10 minutes. Buffer solution included 151 mM NaCl, 5.37 mM KCl, 0.63 mM Na 2 HPO 4 , 0.44 mM KH 2 PO 4 , 4.2 mM NaHCO 3 , and 5.55 mM glucose.
After collagenase perfusion, the liver was removed and transferred to a cold buffer solution containing 0.5% BSA and 0.41 mM MgSO 4 , pH 7.4. The hepatocytes were gently released by shaking after disruption of the Glisson capsule. Cell suspension was filtered (100-m nylon mesh) and the viable cells were allowed to sediment. The supernatant containing debris and dead cells was discarded. With this technique, cell viability was greater than 90% (trypan blue exclusion). An average of 5 ϫ 10 8 cells were isolated from a single liver, which is about 50% of the total hepatocyte population of the liver.
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Expression of Oatps and Mrp2 in Hepatocytes
To ensure the expression of hepatic transporters in freshly isolated hepatocytes, samples containing 5 ϫ 10 7 cells were snap-frozen in liquid nitrogen and kept at -80°C until use (n ϭ 3). Samples were homogenized (Dounce tissue grinder) with ice-cold Tris buffer (100 mM Tris-HCl, pH 7.6) containing protease inhibitors, AEBSF, aprotinin, leupeptin, bestatin, pepstatin A, and E-64 and centrifuged (10,000g, 10 minutes, 4°C). This first supernatant was used for the detection of Oatp1 and Oatp4 because no Oatp1 and Oatp4 were present in the pellet. Because no Mrp2 was present in this first supernatant, the pellet was homogenized with the same buffer containing 1% Triton X-100. After centrifugation (10,000g, 10 minutes, 4°C), this second supernatant was used for the detection of Mrp2. To increase the extraction of Oatp2 samples were extracted a second time with Tris buffer (50 mM Tris-HCl, 0.1 mM EGTA, 0.1 mM ethylenedinitrilotetraacetic acid, 0.1% sodium dodecyl sulfate, 0.1% deoxycholic acid, 1% Triton X-100, pH 7.5). Protein concentration was determined according to Bradford (Bio-Rad, Glattbrugg, Switzerland).
Rabbit polyclonal antibodies against rat Oatp1 (Slc21a1), 16, 17 rat Oatp2 (Slc21a5), 18 rat Oatp4 (Slc21a10), 19 and rat Mrp2 (Abcc2) 20 were used. Sodium dodecyl sulfate 
Uptake of Gd-BOPTA by Hepatocytes in Suspension
Suspensions containing 5 ϫ 10 7 freshly isolated hepatocytes were gently mixed with ice-cold incubation solution (10 mL) containing 76.0 mM NaCl, 5.37 mM KCl, 0.63 mM Na 2 HPO 4 , 0.44 mM KH 2 PO 4 , 17.9 mM NaHCO 3 , 2.00 mM CaCl 2 , 0.41 mM MgSO 4 , 40.0 mM HEPES Na, 5.55 mM glucose, 99,420 U/L penicillin G, 77,700 U/L streptomycin sulfate, 280 U/L insulin, and 0.5% BSA, pH 7.2. The suspensions were centrifuged (50g, 2 minutes, 4°C) and the supernatant was discarded. The cell pellets were suspended in the incubation solution (100 mL) with no CA, 200 M Gd-BOPTA, or 200 M Gd-DTPA and incubated for 60 minutes (37°C, shaking, 5% CO 2 in air atmosphere). Cell viability was checked every 30 minutes by trypan blue exclusion. After the incubation period, the suspensions were centrifuged and the cell pellets were washed twice with ice-cold incubation solution free of CA. The cell pellets were kept at Ϫ80°C until the measurement of gadolinium (Gd 3ϩ ) concentration by inductively coupled plasma atomic emission spectrometry (ICP-AES). Intracellular concentration of Gd 3ϩ was estimated considering that the cell pellets contained 5 ϫ 10 7 hepatocytes with a mean volume of 8181 m 3 .
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Kinetics of CAs in the MR-Compatible Hepatocyte HFBs
The MR-compatible perfusion system was described in details elsewhere. 24 Briefly, it includes a closed perfusion circuit, a heating device, a silicone membrane oxygenator, and a HFB consisting of a network of semipermeable artificial capillaries bundled together within a transparent plastic shell (Fig. 2) . Perfusion solution was continually pumped from a reservoir, heated by circulating a refrigerant through a glass spiral while hot water flowed outside the spiral, charged with O 2 and CO 2 through a silicone membrane oxygenator. Then it flowed within the intracapillary space (ICS) of the HFB before diffusing through the semipermeable membrane into the extracapillary space (ECS) and returned to the reservoir. To avoid the entry of gas bubbles into the HFB, a plastic bubble trap was installed just before its inlet. To avoid interference with the magnetic field, all material used in the magnet was free of metal and made of plastic and glass. The heating device, the O 2 -CO 2 tank and the pump were installed in an adjacent room. All elements inside the magnet were fixed to a PVC support built to fix the HFB at the iso-center of the magnet.
A suspension containing 1 ϫ 10 9 freshly isolated hepatocytes was centrifuged (50g, 2 minutes, 4°C) and the cell pellet was suspended in ice-cold modified University of Wisconsin (UW) solution (30 mL) containing 80 mM lactobionic acid, 30 mM raffinose, 25 mM KH 2 PO 4 , 25 mM NaOH, 10 mM glycine, 5 mM MgSO 4 , 5 mM adenosine, 1 mM allopurinol, 165,700 U/L penicillin G, 5% PEG 800, and 0.5% BSA (a 0.5% BSA solution was used instead of a physiological concentration to avoid clotting of the fibers). The pH of the solution was adjusted to 7.4 with 2.5 N KOH (ϳ55 mM). The UW solution was aseptically filtered before use (Millex GS, 0.22 m, Millipore Co., Bedford, MA). After the ECS and ICS of the HFB had been filled with UW solution, the cell suspension was injected in the ECS (ECS volume: 25 mL, fiber porosity 0.5 m; Minikros® Sampler M15E 260 01N, Spectrum, Rancho Dominguez). Considering that the hepatocyte mean volume is 8181 m, 321-23 the volume of the cells in the ECS was 8.2 mL. The hepatocyte HFB was preserved at 4°C until MRI.
Buffer solutions (same composition as the incubation solution used for suspensions) with and without CA were successively perfused in the hepatocyte HFB (flow rate: 100 mL/min, temperature: 37°C). The system was perfused with buffer (30 minutes), buffer ϩ Gd-DTPA (20 minutes), buffer (20 minutes), buffer ϩ Gd-BOPTA (30 minutes), and buffer (30 minutes). Thus, the total time course of an experiment was about 130 minutes. CA concentrations in the perfusion solution were 50, 100, 200, and 400 M (n ϭ 2 for each concentration).
The viability of hepatocytes was determined during experiment by measuring lactate dehydrogenase and aspartate aminotransferase release in the perfusate (Roche Diagnostics, Rotkreuz, Switzerland) and by determining the hepatocyte O 2 consumption using a blood gas analyzer (ABL 500, Radiometer Copenhagen, Brunson, DK).
MRI
Dynamic T 1 -weighted imaging of the HFBs was performed using fast gradient echo sequence FAST 25 with the The sequence was optimized using Gd-DTPA solutions in water. 26 A linear relationship was found between concentrations and signal up to 0.5 mM. The r 1 relaxivity was 4.1 mM Ϫ1 s Ϫ1 . Similar results were found with Gd-BOPTA in water as well as with Gd-DTPA and Gd-BOPTA in solutions containing 0.5% BSA. Hence, the concentration of BSA used in this study has no influence on the Gd-BOPTA relaxivity in comparison to a 4% BSA solution that increases Gd-BOPTA relaxivity. 27 The HFB was included in a wrist coil. During perfusion, 8 cross-sections were imaged on an Eclipse 1.5-T MR system (Marconi Medical Systems Inc., Cleveland, OH). These sections included HFB inlet tubing; reference vials containing 0.5, 2, and 4 mM of Gd-DTPA in water; and the HFB. Results were expressed as the mean SI in a whole cross-section in the center of the HFB over time normalized to the SI obtained in the 4 mM reference vial.
MRI Data: Compartmental Pharmacokinetic Analysis Pharmacokinetic Model of MRI Signal
Development of the model proceeded in 3 steps. First, we considered a classic compartmental pharmacokinetic model, which described the relationship between time and amount of CA in the system. Because the MRI signal and not the amount of CA was analyzed, the relationship between SI and amount of CA was then modeled. Finally, the SI versus time model was implemented in a pharmacokinetic software.
Pharmacokinetic Model: Amount of CA Versus Time
A 2-compartment pharmacokinetic model was used to represent the hepatocyte HFB (Fig. 3) , where central compartment described the amount of CA in extracellular space A 1 (t) and peripheral compartment described the amount in hepatocytes A 2 (t). First-order rate constants k 10 , k 12 , and k 21 reflected elimination rate from central compartment and exchange rates towards and from peripheral compartment, re- spectively. Entry of CA into the system was modeled as a zero-order infusion rate K in over a time period . Biphasic accumulation in the central compartment during infusion period and subsequent decrease were described by the rate constants ␣ and ␤ and the corresponding half-lives t 1/2 (␣) and t 1/2 (␤). Equations describing this model can be found in the literature.
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Relationship Between the Measured SI and CA Amount
The full equation relating MRI signal intensity SI(t) to CA concentration C(t) has been investigated by different groups. 29, 30 It depends on tissue characteristics and MR imaging sequence. In the present study, a linear relationship was demonstrated between concentrations and relative signal enhancement over baseline (data not shown). Signal intensities in a unit volume i reflecting extracellular space and in a unit volume j reflecting hepatocytes were written as:
where s 0 is baseline signal. C 1 (t) and C 2 (t) are concentrations in extracellular space and hepatocytes, respectively, and proportionality constants a 1 and a 2 generally depend on tissue properties. Average SI in the cross section of the HFB was:
where v 1 and v 2 are volumes corresponding to extracellular space and hepatocytes, respectively, and V ϭ v 1 ϩ v 2 . Equation 3 can be rewritten in terms of amounts in central and peripheral compartments:
with new proportionality constants g 1 ϭ a 1 /V and g 2 ϭ a 2 /V generally depending on tissue properties but not on true volumes.
Model Implementation and Evaluation
The model was implemented in the NONMEM software (version V, University of California, San Francisco, CA). Originally developed for population pharmacokinetics, ie, analysis of interindividual variability on the basis of sparse data in large patient populations, NONMEM offers a flexible programming environment. As discussed in the first subsection, a predefined two-compartment model was considered (subroutines ADVAN3 and TRANS1), with observed signal intensity SI obs (t) modeled as:
where SI pred (t) is model-predicted SI according to equation 4 and ⑀ is a random residual error, assumed to be normally distributed with mean 0 and variance . 2 Primary parameters of the model were rate constants k 10 , k 12 , k 21 , and a single proportionality constant g 1 ϭ g 2 (all analyses were compatible with a single proportionality constant). Secondary parameters were rate constants ␣ and ␤, with corresponding half-lives t 1/2 (␣) and t 1/2 (␤).
Infusion duration and baseline signal s 0 were fixed parameters determined prior to modeling for each experiment. was calculated as the difference between start and end of infusion which were determined as the time points where mean SI differed by Ն2% from the preceding and following windows (window width ϭ 3 time points). S 0 was determined as the average SI over time points preceding the start of infusion.
Signal versus time curves corresponding to each individual experiment were analyzed according to 3 different submodels: (1) a 1-compartment model, with no access of CA to peripheral compartment (ie, k 12 ϭ k 21 ϭ 0); (2) a 2-compartment model, with an unidirectional exchange with peripheral compartment (ie, k 21 ϭ 0); and (3) a full 2-compartment model with bidirectional exchange with peripheral compartment. To identify the best model, statistical comparison of models was based on a likelihood ratio test, ie, a 2 test of the difference in the objective function (the lower the value, the better the fit), with P Ͻ 0.01 considered to represent a FIGURE 3. Pharmacokinetic modeling. Entry of contrast agents into the hepatocyte hollow-fiber bioreactor was modeled as a zero-order infusion rate K in . First-order rate constants k 10 , k 12 , and k 21 reflected elimination from central compartment (extracellular space) and exchange towards and from peripheral compartment (hepatocyte pool), respectively.
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Investigative Radiology • Volume 39, Number 8, August 2004 significant improvement of fit (ie, 2 Ͼ 6.6). In addition, standard errors of parameter estimates and correlations between them were considered. Graphical assessment of goodness of fit was performed through analysis of residuals (ie, differences between measured and predicted SI). When 2 models performed similarly, the simplest model was selected.
Characterization of Gd-BOPTA Transport
To characterize Gd-BOPTA uptake into hepatocytes, SI predicted in the peripheral compartment at the end of infusion ( ϭ SI value in the hepatocytes at 30 minutes -baseline value) was plotted against the concentration of Gd-BOPTA perfused (C). Using a simple Michaelis-Menten model (Eq. 6), the K m and V max were estimated (Prism 3.00, Graph Pad Software Inc., San Diego, CA).
Statistical Analysis
Data were expressed as mean Ϯ SD. Statistical analysis was performed by Mann-Whitney U test and by KruskalWallis Test when appropriate. A P value less than 0.05 was considered statistically significant.
RESULTS
Suitability of Freshly Isolated Rat Hepatocytes for the Study of Gd-BOPTA Transport
Oatp1, Oatp2, and Mrp2 were detected in freshly isolated rat hepatocytes (Fig. 4) . In contrast to liver extract, Oatp4 was not detected in isolated hepatocytes. When hepatocytes were incubated with 200 M Gd-BOPTA, CA uptake was 32.6 Ϯ 4. 
Kinetics of CAs in the MR Compatible Hepatocyte HFB
Hepatocyte viability was routinely greater than 85% during the entire protocols, based on the amount of aspartate aminotransferase and lactate dehydrogenase released in the perfusate (Ͻ15%). The O 2 consumption was 663 Ϯ 52 M/h during the first hour and then increased to 1037 Ϯ 27 M/h (n ϭ 3). This increase may reflect an augmented cellular activity during the rewarming (from 4°C to 37°C) that occurs at the initiation of perfusion.
During infusion of 200 M Gd-DTPA (20 minutes), SI rapidly increased toward steady-state (Fig. 6) . It returned rapidly to baseline value during the washing. During infusion of 200 M Gd-BOPTA (30 minutes), the initial rapid SI increase was followed by a slower phase. During the wash- 
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Gd-BOPTA Transport Into Rat Hepatocytes ing, SI first decreased rapidly but did not return to baseline value as observed with Gd-DTPA. When the HFB was infused with various CA concentrations (50, 100, 200, and 400 M), SI increased with CA concentrations but the shape of the kinetics remained similar. For Gd-DTPA, the best model was the 2-compartment model with unidirectional exchange with peripheral compartment. This model was significantly better than the 1-compartment model with no access of CA to peripheral compartment (likelihood ratio test, P Ͻ 0.01). The full 2-compartment model with bidirectional exchange with peripheral compartment did not improve the fit. The precision of the parameter estimates was adequate, with standard errors less than 10% for all parameters except for 2 experiments where standard error of k 12 exceeded this limit. Moreover, the residual error was less than 3% for all experiments. Mean elimination rate from central compartment (k 10 ) was 0.454 minutes Ϫ1 with 21.6% variability between the different experiments. Exchange rate towards peripheral compartment was very slow (k 12 ϭ 0.00334 minutes Ϫ1 , 68.8% between-experiment variability). Monoexponential increase and decrease were described by a single half-life t 1/2 (␣) ϭ 1.57 minutes (18.9% between-experiment variability). Model predicted SI in the central compartment rapidly increased toward steady-state and returned to baseline value during the washing, while predicted SI in the peripheral compartment was tiny (Fig. 6) .
For Gd-BOPTA, the 2-compartment model with bidirectional exchange with peripheral compartment was best. Standard error of parameter estimates was less than 10% for all parameters, and the residual error was less than 3% for all experiments. Elimination rate from central compartment (k 10 ) was 0.443 minutes Ϫ1 with 32.6% variability between the different experiments. Exchange rates towards (k 12 ) and from (k 21 ) peripheral compartment were 0.00980 minutes
Ϫ1
(53.9% between-experiment variability) and 0.0250 minutes Ϫ1 (37.0% between-experiment variability), respectively. There was a rapid first phase (t 1/2 (␣) ϭ 1.63 minutes, 21.8% between-experiment variability) and a slow second phase (t 1/2 (␤) ϭ 31.6 minutes, 34.7% between-experiment variability). Model predicted SI in the central compartment rapidly increased toward steady state and returned to baseline value during the washing (Fig. 6) , as with Gd-DTPA. Predicted SI in the peripheral compartment, however, slowly increased during the infusion and remained steady during washing. The k 12 for Gd-BOPTA was statistically higher than for Gd-DTPA (Mann-Whitney U test: P ϭ 0.007). There was no statistical difference for k 10 . The Michaelis-Menten model showed that Gd-BOPTA uptake was saturable with an apparent K m value of 270 Ϯ 111 M and a V max value of 6.62 Ϯ 1.38 SI units at 30 minutes (Fig. 7) .
DISCUSSION
Suitability of Freshly Isolated Rat Hepatocytes for the Study of Gd-BOPTA Transport
The expression of Oatp1, Oapt2, and Mrp2 was evidenced in freshly isolated hepatocytes, in contrast to Oatp4 (Fig. 4) . Thus, although membrane polarity is altered during the isolation and the different poles of the cells (the canalicular and sinusoidal membranes) are no longer distinguished, Oatp1, Oatp2, and Mrp2 were not lost during the isolation. The expression of Oatp1, Oapt2, and Mrp2 has already been evidenced in primary cultured rat hepatocytes. 31 16.3% of the total extracellular concentration of Gd-BOPTA was measured in freshly isolated hepatocytes in suspension (Fig. 5) , which indicated that Gd-BOPTA could enter into cells. Hence, freshly isolated hepatocytes can be injected in our MR compatible HFB system to study Gd-BOPTA transport kinetics.
The slight entry of Gd-DTPA in hepatocytes (2.4%) may be explained by CA sticking to the cell surface or uptake by pinocytosis or endocytosis. Such small contamination has already been shown with Gd-DTPA in isolated rat hepatocytes in suspension. 32 
Kinetics of CAs in the MR-Compatible Hepatocyte HFB
To better define the transport mechanisms of Gd-BOPTA into hepatocytes, cells were injected in a HFB, and the SI over time was recorded and analyzed with a compartmental pharmacokinetic model. The SI-time curves of Gd-DTPA and Gd-BOPTA were adequately fitted by 2-compartmental models. Low standard error of parameter estimates indicated that the models were fully identifiable from the experimental data. In addition to fitting observations from the whole cross section of the HFB, pharmacokinetic modeling enabled to estimate the SI as a result of the presence of CA in 2 compartments postulated to reflect the extracellular space and the hepatocyte pool.
The elimination rate constant from central compartment was identical for Gd-DTPA and Gd-BOPTA, as expected from CA elimination by simple continuous flux of solution. The transfer rate to the peripheral compartment was significantly higher for Gd-BOPTA than for Gd-DTPA, in keeping with Gd-BOPTA uptake by hepatocytes. Predicted SI-time curve in the central compartment was similar with the 2 CAs (Fig. 6) , and was postulated to reflect the extracellular space filling. SI attributed to peripheral compartment was high for Gd-BOPTA but very small for Gd-DTPA. Thus, the model permitted to discriminate between the behaviors of an extracellular CA (Gd-DTPA) and a hepatobiliary CA (Gd-BOPTA).
Gd-BOPTA entered into the peripheral compartment slowly over the infusion period and was only slightly released back in the central compartment during washing. The biliary excretion of Gd-BOPTA is known to occur via the active transporter Mrp2. 7, 12, 33 In rats, 30% of the injected dose (1 mmol/kg intravenously) is eliminated into the bile after 168 hours. 6 Although Mrp2 was expressed in freshly isolated hepatocytes (Fig. 4) , the SI in the peripheral compartment remained high during the washing period (Fig. 6) . Several hypotheses can be proposed. First, the excretion might be slow because excretion of Gd-BOPTA by Mrp2 into the bile is a rate-limiting step. 33 Secondly, Gd-BOPTA might be excreted by Mrp2 into an "excretory domain" between hepatocyte couplets which are reported to form 1 to 4 hours after hepatocytes isolation. 34, 35 Because these domains are closed and lack duct to the central compartment, Gd-BOPTA might be trapped with no access to the perfusion solution. Thirdly, the excretion could be impaired by (1) loss of Mrp2 function after cell isolation, (2) a defect of the energetic state of the hepatocytes, or (3) an unspecific binding of Gd-BOPTA to FIGURE 7. Predicted signal intensity (SI) in the peripheral compartment after 30 minutes perfusion of the hepatocyte hollow-fiber bioreactor with a solution containing Gd-BOPTA at concentrations ranging from 50 to 400 M (n ϭ 2 for each concentration).
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Gd-BOPTA Transport Into Rat Hepatocytes hepatocytes. Of note in our HFB system, the cellular release of Gd-BOPTA back to the central compartment (ie, the solution) by Mrp2 is not distinguishable from the reversible transport through Oatps. 36 Gd-BOPTA uptake exhibited saturability at high substrate concentrations (Fig. 7) and K m was estimated at 270 M. These observations support a transporter-mediated mechanism compatible with the Oatp hypothesis 37, 38 rather than an uptake mechanism by free diffusion. 10 Uptake of Gd-EOB-DTPA (another hepatobiliary CA similar to Gd-BOPTA) in Oatp1 cRNA-injected X. laevis oocytes has a K m value of ϳ3300 M.
37 By comparison, a K m value of 1.5 M was reported for the Oatp1 uptake of bromosulfophthalein (BSP) in X. laevis oocytes. 39 The lower K m of BSP compared with that of Gd-BOPTA and Gd-EOB-DTPA may explain why BSP inhibits the uptake of these CAs. 11, 37 In our experimental model, the transporter-mediated mechanism could also be confirmed by such pharmacological inhibition.
Compartmental pharmacokinetic models describing biologic processes have been used for metabolic studies. In isolated perfused rat livers, modification of drug uptake, 40 metabolism 41 or excretion, 42 determination of the rate limiting steps in drug disposition and identification of sites where drugs interact 43 have been investigated with compartmental analysis. In addition, pharmacokinetic analysis of MR images obtained with extracellular CAs has emerged as a promising method for diagnostic and therapeutic monitoring of cancer, 30, 44 for the measurement of blood brain-barrier permeability, 45, 46 and for the assessment of organ perfusion such as the liver. [47] [48] [49] All these models used compartments representing the blood and the interstitial space to assess the distribution of extracellular CA between blood and tissue. 50 In this study, we developed a model that includes the intracellular compartment. The present pharmacokinetic analysis supports a transportermediated uptake of Gd-BOPTA into hepatocytes.
In summary, the present study showed that freshly isolated rat hepatocytes injected into a hepatocyte HFB express functional Oatps and Mrp2. The transport of Gd-BOPTA into hepatocytes was successfully described by compartmental analysis of the SI recorded over time and supported the hypothesis of a transporter-mediated uptake.
